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ARTICLE INFO ABSTRACT

Keywords: This research investigates the characteristics of Granite Powder (GrP) and its potential use as a partial
Cement replacement for cement in mortar production. The GrP samples were analyzed via microscopic techniques. The
Characterizations

effects of GrP Blended Cement (GrPBC) were examined on the workability and mechanical characteristics by
partially replacing Ordinary Portland Cement (OPC) with 0-40 wt% GrP in 4 wt% increments. Life cycled
assessment in terms of Embodied Energy (EE) and Global Warming Potential (GWP) of GrPBC-based mortar were
assessed based on cradle-to-gate boundaries and the sustainability and economic indexes were determined at 28
days compressive strength. The study proposed new models to predict the compressive strength of GrPBC with
respect to Water to Binder (W/B) ratio. The presence of active minerals depicts GrP as pozzolanic materials. The
optimum replacement level of GrP in the blended mix, based on the fresh and hardened properties of GrPBC, is
20 wt% to achieve 75% of the strength activity index. GWP and EE declined as the GrP in the mixtures rose. The
best sustainable and economic prospects were attained at the 25 wt% GrP replacement level. The compressive
strength and the W/B ratio are highly correlated. Thus, GrP has proven to be a sustainable construction material
in the construction sector.

Compressive strength
Granite powder
Lifecycle assessment
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Sustainability

[5]. On production of granite blocks, there is production of 30% amount
by weight during cutting and polishing [6]. Granite processing in-
dustries produce a huge quantity of granite waste in the form of Granite
Powder (GrP), which is a by-product of the cutting and polishing of

1. Introduction

Concrete is the most widely used building material in the world,

being employed in more than 70% of construction projects. Globally,
about 25 billion tons of concrete are produced annually [1]. However,
the manufacture of cement, a crucial component of concrete, is a major
contributor to greenhouse gas emissions, the depletion of natural re-
sources, and increased energy demand, all of which are causing climate
change [2]. As such, the search for sustainable and alternative materials
to replace cement in the manufacturing of concrete is imperative.
Granite is one of the primary igneous rock types that is frequently uti-
lized as a building material in construction. Minerals including feldspar,
mica, and quartz are found in granite, which adds to its strength and
durability [3]. India is the third biggest country of granite production in
the globe after China and Brazil [4]. India contributes 46% of the global
market for granite exports [5]. By exporting granite, India contributes
5.39% of its overall exports to the trade-to-gross domestic product ratio

* Corresponding author.

granite stones [7] [8]. The indiscriminate disposal of the GrP is an
environmental challenge, leading to health hazards for humans and
ecosystems. Some of notable GrP pollution in the water, soil, and air
(dust) lead to the cancer and pneumoconiosis for humans [9,10].
However, disposal of GrP to soil in some cases, correct the acidic pH of
the soil and enhances the increased content of calcium, magnesium and
potassium in the soil [9].

Kala [11] noted improved mechanical properties of concrete when
Natural Fine Aggregate (NFA) was partially replaced by GrP. The me-
chanical and durability properties of concrete blended with 25% NFA by
GrP performed significantly better than conventional concrete. Sirianni
et al. [12] reported that the there is difference in the Particle Size Dis-
tribution (PSD) of GrP due to the manufacturing process, which leads to
variation in the silica content. Vijayalakshmi et al. [13] evaluated the
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Nomenclature

GrP Granite Powder
XRD X-Ray Diffraction spectroscopy

FESEM Field Emission Scanning Electron Microscope
EDS Energy Dispersive Spectroscopy

EE Embodied Energy

GWP Global Warming Potential

RS Raman Spectroscopy

FTIR Fourier Transform Infra-Red Spectroscopy
XRF X Ray Fluorescence spectrometer

OPC Ordinary Portland Cement
GrPBC  Granite Powder Blended Cements

SCM Supplementary Cementitious Materials
PSD Particle Size Distribution

LCA Life Cycle Assessment

TGA Thermal Gravimetric Analysis

DSC Differential Scanning Calorimetry

CSH Calcium Silicate Hydrate

CH Calcium Hydroxide

ICDD International Centre for Diffraction Data
SAI Strength Activity Index

SEM Scanning Electron Microscope

ITZ Interfacial Transition Zone

CASH Calcium Aluminate Silicate Hydrate
W/B Water to binder ratio

durability properties such as water permeability, rapid chloride pene-
tration, carbonation depth, sulfate resistance and electrical resistivity of
concrete made with GrP. Concrete made with partial replacement of
NFA with GrP by 15% showed better mechanical and durability prop-
erties than the conventional concrete. Optimum percentage of partial
replacement of NFA by GrP with satisfactory effect on the investigated
parameters (fresh and hardened parameters) was found to be 25-40%
[14,15]. Ghannam et al. [10] found that the partial replacement of NFA
by GrP as 10% showed higher mechanical properties than the conven-
tional concrete. The higher surface area of GrP showed higher bonding
nature than that of NFA. Singh et al. [15] presented a review of earlier
studies on substituting GrP with NFA. The results revealed that the GrP
improved the mechanical and durability properties of concrete
produced.

Prokopski et al. [16] reported an enhancement in the microstructural
property of the GrP - based concrete. The use of GrP as a filler material in
cementitious matrix systems increases the density and enhances the
mechanical and durability qualities of concrete by having a significant
positive impact on the filling pores [17]. Higher strength characteristics
are found with an increase in density when NFA is replaced with GrP. In
contrast, GrP contacts new products; hence, decreasing the pore vol-
umes, but it does not isolate the new hydration phases or prevent the
development of new products from hydration. Gupta and Vyas [18]
reported enhancement of hardened properties of cementitious compos-
ites due to the GrP grains. Sadek et al. [19] investigated the impact of
GrP on the fresh concrete mixes of self-compacting concrete (SCC). The
results indicated that high volumes of the investigated GrP (up to 50%
by weight of 400 kg/m®> cement content) could be used successfully as
mineral additives in the production of SCC. In general, SCC incorpo-
rating GrP showed the superior performance compared to the marble
powder. Li et al. [20] reported the influence of plasticizer on the
compressive strength of SCC produced with granite wastes. The water
absorption of granite waste from the slurry resulted in increased hy-
dration product of Magnesium hydroxide chlorides hydrates. The excess
water absorption of granite waste from low-concentration brine led to
compact microstructure of granite waste-fly ash-based blended cement,
whereas from the high concentration of brine leads to porous
microstructure.

Apart from the chemical compositions, PSD and surface texture are
also important factors in determining the characterization of GrP and
improving the hardened properties of concrete [21]. Materials engi-
neering is the use of contemporary technologies to the functionalization
of material powders (such as milling, sieving and grain surface) [22].
The effects of PSD of GrP on cement composites properties includes
increased packing density, improved mixture uniformity, and increased
compacting ability [22]. The specific surface area of the GrP grains in-
fluences the interaction of GrP with cementitious matrix systems and
cement composites on the characteristics of hardened concrete [23,24].
The mechanical properties of the cement composite including GrP are

generally improved by a larger specific surface area of GrP, which also
improves the Interfacial Transition Zone (ITZ) between GrP grains and
cement paste [25,26].

Karmegam et al. [27] reported that the addition of 10% GrP as
partial replacement for the cement in SCC mixture resulted in improved
compressive strength. Compressive strength was improved by roughly
9% for the concrete with 25% of NFA substituted by GrP as compared to
the control concrete [28]. Ghannam et al. [10] found that partially
replaced concrete of 20% NFA with GrP had a higher compressive
strength than conventional concrete. Higher mechanical properties were
attained because of GrP’s greater specific surface area, which was pro-
duced with better cement hydration bonding. Better filler action of GrP
and smaller particle size result in increased corrosion resistance of
concrete containing GrP [29]. Ramos et al. [30] investigated the rapid
chloride test on mortar containing GrP as a potential substitute for OPC.
They found that 10% GrP in mortar led to a 70% increase in chloride
resistance. Friedel’s salt development (reaction of alumina content with
GrP) and smaller particles are the cause of the rise in resistance. Using
non-destructive evaluation studies, the introduction of new pozzolanic
materials into concrete is assessed, and the improved hardened prop-
erties are documented in the literature [31,32]. The literature has re-
ported that combining GrP with other wastes improves the
characteristics of composites [33-36].

The literature reports on improving the characteristics of both fresh
and hardened composites with GrP addition and determining the ideal
GrP content [13,19]. Sadek et al. [19] reported pozzolanic and filler
effect of the GrP on the cementitious composites. Refinement of pore
structures due to presence of GrP enhances the hardened properties of
GrP Blended Cement (GrPBC) [19]. Hence, there is a rising interest in
the use of GrP as a partial replacement for the OPC in cement production
[37,38]. The investigation of GrP characteristics and the performance of
GrPBC is an area of research that has gained important attention in
recent years.

Lifecycle assessment (LCA), as defined by ISO 14040 [39], is the
process of gathering and evaluating a product system’s inputs, outputs,
and any environmental effects over the duration of its life [39]. The LCA,
an internationally defined tool [39] for the comprehensive environ-
mental assessment of products (GrPBC in this context), serves as the
primary foundation for Lifecycle Thinking (LCT)’s environmental pillar.
The LCT offers a useful tool for incorporating sustainability into product
design, innovation, and assessment because of its systemic approach.
There is evidence of this in several European institutions’ policies
[40-42] and international level [43,44] in which the core components
are LCT and LCA. This is why this study proposes the LCA of GrPBC and
its constituents, providing an informed decision regarding its environ-
mental, societal, and economic impacts. According to earlier research,
when recycled waste materials were blended with cement for concrete
production, there was a decrease in global warming and embodied en-
ergy. Conversely, as the amount of recycled waste elements in concrete
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increased, so did its sustainability and economic potentials [45,46].

1.1. Novelty of the research

Analyzing the morphological characteristics, which will contribute
to properties, is necessary to comprehend the behavior of GrP. Besides,
additional research on the chemical compositions and chemical bonding
of GrP is necessary to comprehend the performance of GrPBC. The role
of GrP in the fresh and hardened properties of GrPBC can be better
understood by first investigating the microscopic investigations of GrP.
The techniques are X Ray Diffraction (XRD), Field Emission Scanning
Electron Microscopy (FESEM), Energy Dispersive X-Ray Spectroscopy
(EDS), Raman Spectroscopy (RS), Fourier Transform Infra-Red Spec-
troscopy (FTIR), Thermal analysis and X Ray Fluorescence spectroscopy
(XRF). Furthermore, this study is original in that it assesses the lifecycle
and sustainability of blended cement incorporating GrP. There is limited
investigation on the optimal proportion of GrP that can be used as a
partial replacement for OPC in cement production. It is necessary to
evaluate the fresh and hardened properties of GrPBC. There are
incomplete studies on the evaluation of modelling of the fresh and
hardened properties of GrPBC. It is also necessary to evaluate the rela-
tionship between the water to binder (W/B) ratio and compressive
strength of the GrPBC.

1.2. Objectives of the research

This study investigates the effects of GrP on blended cement using
microscopic techniques such as XRD, FEMSEM, EDS, RS, FTIR, Thermal
Analysis, and XRF. It evaluates the effects of GrP on the physical and
mechanical properties of GrPBC. In addition, the research assesses the
lifecycle of GrPBC using cradle-to-gate approach and evaluates the
sustainability of the GrPBC blended mixes at 28 days of SAIL The models
from literature are evaluated by determining the constants in the rela-
tionship while modelling the GrPBC water to binder ratio and
compressive strength.

By fulfilling these objectives, the research will help create ecologi-
cally friendly and sustainable building materials that will lower the need
for virgin raw materials, lessen the negative effects of construction waste
on the environment, and enhance the functionality of cement-based
materials. In addition, the findings will have positive consequences for
reducing energy use, air and land pollution, and preserving natural
resources.

2. Materials and methods
2.1. Materials

2.1.1. Granite powder

GrP was obtained from locally available granite stone quarry in the
Local (Coimbatore) region, Tamil Nadu, India. GrP is a fine material, but
it may still contain larger and smaller particles. Larger GrP particles
were grinded in ball mill to reduce the particle size. Percentage of GrP
retained in 45 pm was less than 10% and then the particles passing
through 45 pm sieve was considered for use.

2.1.2. Ordinary Portland cement

The Ordinary Portland Cement (OPC) 53 grade cement according to
IS 12269 [47] manufactured by Dalmia cements was used. A specific
gravity test was conducted on the cement in accordance with Indian
Standards and the result was 3.148. The OPC 53 Grade provides high
strength to the structure because of its optimum PSD and superior
crystallized structure [2]. However, it is important to note that OPC 53
grade cement has a higher heat of hydration than other types of cement,
which can cause cracking if not properly managed.
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2.2. Methods

2.2.1. Microscopic studies

Material characterization is the process of analyzing and identifying
the properties of GrP to understand their behavior and performance. It is
a crucial aspect of material science and engineering, as it provides
important insights into the properties of GrP and their suitability for
various applications.

2.2.1.1. X-ray diffraction (XRD) spectrometry. One of the common
methods to study about the crystal structure of GrP is XRD spectroscopy.
Empyrean, Malvern Panalytical instrument is used for powder sample in
this study. GrP sample was mounted onto a glass slide using a small
amount of adhesive. GrP was mounted to the glass slide in a manner that
ensured the GrP was uniformly distributed and that there were no air
bubbles between the GrP and the glass slide. GrP mounted on a glass
slide was subsequently put into an X-ray diffractometer to analyze GrP.
The GrP’s crystal lattice diffracts X-rays that the diffractometer emits,
creating a diffraction pattern that is indicative of the crystal structure of
the sample. The sample’s crystal structure and composition were
determined by drawing the diffraction pattern using Origin Pro software
and comparing it to data from the International Centre for Diffraction
Data (ICDD).

2.2.1.2. Field scanning electron microscope (FESEM). With the aid of
FESEM, GrP’s morphological features were examined in order to
comprehend its microstructural behavior. Caral Zeiss (Sigma) model of
FESEM was used in this study to understand the morphological surface
area. GrP with size less than 45 um was used for this examination. Ho-
mogenous nature of GrP was maintained and the GrP particles were
evenly distributed. To prevent GrP from charging, a gold conductive
coating was placed to its surface using a sputter coater. An adhesive with
a conductive characteristic was used to adhere GrP to carbon tape.
During the FESEM analysis, the GrP sample was securely grasped. High-
resolution images were generated by the interaction between the
concentrated electron beam produced by the FESEM and the GrP. The
images obtained from the FESEM analysis were analyzed to attain in-
formation about the morphology, size, and sample distribution.

2.2.1.3. Energy dispersive spectrometry (EDS). Bruker instrument
attached to Zeiss model is used in this study for EDS to characterize GrP.
EDS is a method used in combination with FESEM to analyze the
chemical composition of material. In this study, gold was employed as a
coating material on the GrP surface to prevent conductive material from
charging. The GrP was coated using the sputtering technique. GrP was
mounted onto a carbon tape via a conductive adhesive. It was ensured
that the mounted GrP sample was stable throughout the investigation.
Once the FESEM images were acquired, the EDS detector was used to
collect X-ray spectra from the GrP. The detector measured the charac-
teristic X-rays that were emitted by the elements in the GrP, providing
information about their composition. The spectra obtained from EDS
analysis were analyzed to identify the elements present in the GrP and
their relative concentrations. Care was taken to avoid contaminating or
damaging the sample during preparation and analysis.

2.2.1.4. Raman spectroscopy (RS). A small quantity of the grounded
GrP was placed on a clean glass slide. Raman analyzer model of EZRa-
man N 532 was used in this investigation. The loose particles or debris
around the GrP sample was removed using brush. The GrP sample was
kept in the RS instrument by focusing the laser beam on the sample.
Raman spectrum of the GrP was recorded with help of scanning the laser
beam in the range of Raman wavelengths. Intensity of wavelength was
recorded at various locations on the GrP. The chemical bonding of the
GrP was identified using previously published Raman wavelengths from
databases or literature.
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2.2.1.5. Fourier transform infra-red (FTIR) spectrometry. FTIR is a tech-
nique used to analyze the chemical bonding nature of a sample based on
the absorption of infrared radiation by the sample. Chemical bonding is
analyzed with Bruker Model of Alpha series. Potassium bromide, an
infrared transparent matrix material, was mixed with the powdered GrP
sample to create a thin pellet. The composite pellet was prepared by
placing a small quantity in the pellet press and pressing it at high
pressure to form a thin, transparent disk. The composite pellet was
placed inside the FTIR instrument, emitting infrared radiation and
absorbing specific wavelengths of the radiation based on its chemical
composition. A detector was used to measure the absorbed radiation,
and the resulting spectra were recorded. The spectra obtained from FTIR
analysis were analyzed to identify the functional groups present in the
sample and their relative concentrations.

2.2.1.6. Thermal analysis. Thermal analysis is a method used to study
the thermal performance of a material as a function of temperature. In
this research, the thermal analysis of GrP was conducted using Thermo-
gravimetric Analysis (TGA) using Netzsch analyzer and Differential
Scanning Calorimetry (DSC) were measured by Mettler Toledo, DSC
822e. GrP was homogeneously maintained and processed to a fine
powder. A small quantity of GrP was used and placed in the thermal
instrument (DSC and TGA). The sample, as well as empty reference pan,
were put in the thermal instrument, and the sample was heated at a
specific heating rate. For the DSC, the GrP’s heat flow was measured,
and for the TGA, the GrP’s weight loss was measured as a function of
temperature. The phase transitions, melting point, and decomposition
temperature of the GrP sample were estimated by analyzing the
measured data.

2.2.1.7. X-ray fluorescence (XRF) spectrometry. XRF spectroscopy is a
non-destructive analytical technique used to determine the elemental
composition of material. Bruker model S8 Tiger and S4 Pioneer
sequential wavelength is used for XRF analysis in this study. The coarser
GrP was ground and sieved to achieve homogenization of the GrP. For
the XRF analysis, the X-ray beam was applied to the GrP. Based on the
chemical composition, which is identified by the sensor in the XRF in-
strument, GrP sample emits certain characteristics. Data obtained from
GrP was analyzed with help of XRF to determine the chemical compo-
sition of the GrP.

2.2.2. Specific gravity of granite powder (GrP)

The specific gravity of GrP in this study was estimated using the
displacement method, which includes measuring the weight of water
evacuated by a known volume of the pozzolan [48]. The specific gravity
of pozzolanic material is significant in estimating its density, which in
turn affects its performance. The PSD of pozzolan is a significant factor
that affects its reactivity, strength, and other physical properties [48].
Pozzolanic materials with a finer PSD generally exhibit higher reactivity
and better pozzolanic properties, making them more suitable for use in
various applications.

2.2.3. Granite powder blended cement (GrPBC) mixes

GrPBC mixes were proportioned by partially replacing OPC with
0-40 wt% GrP at 4 wt% increment. Different dosages of GrPBC samples
were stored in the separate container in the sealed manner to prevent it
from reacting with water. Table 1 displays the proportions of the mix
design.

2.2.3.1. Specific gravity. The specific gravity of GrPBC mixes were
determined as per IS 4031-2 [49] using the standard Le Chatelier flask.

2.2.3.2. Consistency. The addition of water initiates the hydration
process of GrPBC. One of the elements influencing the GrPBC’s consis-
tency is the GrPBC’s fineness and chemical makeup. The standard
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Table 1
Mix design proportions (kg/m>).
% Replacement OPC GrP Sand Water

0 400 0 1200 109
4 384 16 1200 112
8 368 32 1200 116
12 352 48 1200 121
16 336 64 1200 126
20 320 80 1200 134
24 304 96 1200 144
28 288 112 1200 157
32 272 128 1200 173
36 256 144 1200 194
40 240 160 1200 220

consistency of the GrPBC blended cement paste was done according to
the IS 4031-4 [50] with a standard Vicat apparatus conforming to IS
5513 [51] in a constant temperature of 27 °C and constant humidity of
90%. Water was added, starting at 25% and going up by 2% at a time,
until the needle’s penetration depth was between 5 and 7 mm from the
bottom.

2.2.3.3. Setting times. The setting time decreases with faster cement
hydration, which is influenced by the OPC and GrP’s chemical makeup
and fineness. The fresh and hardened properties of GrPBC paste are used
to quantify the qualities of GrPBC. GrPBC’s setting and hardening time is
influenced by a number of factors, including temperature, humidity, and
the type of GrP used. The initial and final setting time test of cement
were determined as per IS 4031-5 [52] using a Vicat apparatus con-
forming to IS 5513 [51], balance of capacity 1 kg and sensitivity 1 g, and
gauging trowel. The test was conducted at a temperature of 27 + 2 °C
and 65 + 5% of relative humidity. A paste of 300 g of cement with 0.85
times the water required was prepared to give a paste of standard con-
sistency [52]. In any case, the gauging process took no less than three
minutes and no more than five minutes, and it was finished before any
indication of setting appeared. The initial setting time was noted until
the needle failed to penetrate the mold by 5 + 0.5 mm. The final setting
time was determined as the amount of time that passed between adding
water to the GrPBC and the point at which the annular ring was unable
to pierce the mould.

2.2.3.4. Strength activity index (SAI). GrPBC mortar was prepared with
a proportion of GrPBC to standard sand in the ratio of 1:3. Quantity of
water is arrived with help of consistency test. The compressive strength
of GrPBC was performed at 7 and 28 days with the help of standard
vibrating machine as per IS 4031-6 [53]. The water in which the cubes
were submerged is replaced every 7 days, and the temperature is kept at
27 + 2 °C. Average of three specimens was taken as compressive
strength of GrPBC. Strength Activity Index (SAI), as illustrated in Eq. (1),
is used to evaluate the strength gaining process of pozzolans at different
ages [2]. The minimum SAI for natural pozzolan is 75% [54].

SAT (%) =% x 100 )

where A is the mean compressive strength of blended cement mortar
cube and B is the mean compressive strength of control cement mortar
cube.

2.2.4. Lifecycle assessments (LCA)

The four primary components of the LCA are used for the GrPBC: goal
and scope, inventory analysis, impact assessment, and interpretation.
The goal and scope were Embodied Energy (EE), Global Warming Po-
tential (GWP), Sustainability Index (SI), and Economic Index (EI). Each
mix, as contained in Table 1, is 1 m®, which serves as the functional unit.
The functional unit of GrPBC’s GWP and EE are kgCOz_eq/m3 and MJ-eq/

m®, respectively. Moreover, the GrPBC’s sustainability and economic
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indexes are set to (kgCOz_eq/mS)/MPa and ($/m?)/MPa functional units,
respectively. The research focused only on the cradle-to-gate paradigm,
encompassing all input and output flows from the limits of the cradle to
the factory gate of the final processing operation [55]. The EE and GWP
factors, as presented in Table 2, were obtained from the energy and
carbon inventory [55]. The goal and scope were determined in accor-
dance with the relationships illustrated in Eqs. (2)-(5) [45,46,55,56].

EE(cradle — to — gate) = (1.22) » _ (m,, x EEy) 2

i=1

n

GWP(cradle — to — gate) = (1.19) Z (m, x GWPy) 3)

i=1

SI— GWP + (0.050 x EE)
" 28 — day compressive strength

C))

El Total cost of Im*of mortar

T8 - day compressive strength Q)
where m,, represents material’s weight (kg), EE;is Embodied Energy
factor, and GWPy signifies Global Warming Potential factor.

3. Results and discussion
3.1. Microscopic studies of GrP

3.1.1. XRD

The primary components of XRD are identified as quartz (26.6°),
calcium sulfide (31.4°), magnesium oxide (42.7°), iron oxide (41.4°), and
calcium sulfide (31.4°) as shown in Fig. 1. With help of Inorganic Crystal
Structure Database (ICSD), collection code as 90145 indicating the
presence of silicon di oxide, collection code as 170905 indicating the
presence of magnesium oxide and collection code as 41956 indicating
the presence of calcium is noted. GrP can be identified by the presence of
excess quartz, as well as by the simultaneous presence of high content of
silica and alumina, and by the abundance of aluminosilicate phases as
shown in XRD patterns. Meena et al. [57] confirmed the presence of
large amount of silica and alumina content in GrP in different forms.
Ngayakamo et al. [58] reported the presence of microline, albite, and
calcite from GrP, and noted the similar diffraction angles for GrP with
respect to Fig. 1. Ramadji et al. [59] reported the presence of calcite and
quartz. High quartz concentration and an ideal ratio of silica to alumina
content, which are found as aluminosilicate phases, are responsible for
the mineralogical properties of GrP [60]. Liu et al. [61] noted the
presence of silica, alumina, and ferrous source minerals above 90%.

According to studies by Boadella et al. [62] and Shamsabadi et al.
[63], the GrP has a significant concentration of silica and alumina ox-
ides, although its chemical composition varies relatively little. The GrP
identifies quartz, biotite, albite, iron oxide, and maghemite as crystalline
forms [64]. The observation of quartz, albite, zinnwaldite, micro-
clinium, and caulinite in GrP has been documented in the literature
[65]. Quartz and trace amounts of anorthoclase and albite are present in
GrP [58]. According to Reddy and Yarakkula [66], the primary com-
ponents in the GrP are quartz, albite, anorthite, k-feldspars, muscovite,
annite, lepidolite, illite, and ferrosilite. With the aid of XRD, Gupta and
Vyas [18] discovered that the primary elements identified in the GrP are
quartz and feldspar. Ultimately, this study identified quartz, calcium

Table 2
EE and GW’s factors [55].

Material EE¢ (MJ/kg) GWP; (kgCO2-eq/kg)
OPC 5.50 0.95

GrP 0.85 0.020

Sand 0.081 0.0051

Water 0.010 0.0010
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Fig. 1. XRD image of GrP.

sulfide, magnesium oxide, iron oxide, and calcium sulfide as major
mineralogical components of GrP.

3.1.2. FESEM

With reference to the FESEM images shown in Fig. 2, the GrP seemed
to have sharp edges (Fig. 2(b)) rather than sponge-like characteristics,
and they appeared to be more substantial with a relatively small number
of pores on the various surface layers (Fig. 2(a)). Few cracks could be
found on the surface of the elements (Fig. 2(c)). From Fig. 2(d), In
agreement with the XRD result, it can be noted that GrP sample has
sharp edges and that the crystalline structure resembles the presence of
silicon oxides. It can be observed from Fig. 2(e) that nanoscale particles
were bonded to dispersed from the surface of GrP particles. Fig. 2(f)
demonstrates that the elements were three-dimensionally structurally
structured units, and the surface depicted crystal solid objects free of
pores and with properly arranged atoms, molecules, or ions. The FESEM
image indicated the range of GrP particles, which is between 30 um and
200 nm.

Sapiai et al. [67] reported similar size of particles in the range of
1.5 pm to 60 um. According to Barra et al. [65], GrP particles exhibit
non-spherical form, and their surfaces have rough, superficial textures
with acute indentations. The aspect ratio, or the ratio of grain length to
grain width, is greater than one for the majority of the particles in Fig. 2,
suggesting that the particle has more surface area that is active for re-
action [68]. As a pozzolanic material, GrP has more varied particle sizes,
which increases its rate of chemical reaction and filling capacity [69].
According to Gupta and Vyas [18], the GrP has a rough surface
morphology and irregularly shaped particles. The non-spherical form of
GrP particles has distinct points, sharp edges, and a superficially rough
surface texture. GrP is suitable as binder material because of these
characteristics [65]. Erosion causes the GrP particle surface to develop
rounded edges and pebble-like surfaces. The carbonation of the GrP
particles is the cause of this alteration in surface roughness [70].

3.1.3. EDS

Fig. 3 shows that GrP possessed higher contents of silicon,
aluminium, calcium, and iron. The elements were slightly varied as per
location. The elements, which are identified with help of XRD and
FESEM, are confirmed with the help of EDS in the terms of concentration
of the elements. These results align with relevant study, which reported
higher contents of silicon, aluminium, calcium, and sodium in GrP [71].
Smallest particle sizes less than 1 um are rich in silica, while spherical
particles with irregular shape are rich in Fe, Ca, and Al [64]. Reddy and
Yarakkula [66] found the presence of silicon and calcium as major el-
ements in the GrP and metals as minor elements in GrP. Kouam et al.
[72] noted an increase in silicon and aluminium with increasing
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Fig. 2. FESEM images of GrP.

grinding time of granite. Thus, the elemental compositions of GrP in this
study reveals high contents of silicon, aluminium, calcium, and iron,
contributing to the existing literature.

3.1.4. RS

Various pozzolanic minerals in terms of the Raman wavenumber
with different intensities are shown in Fig. 4. Notable pozzolanic min-
erals in GrP, as shown in Fig. 4, are SiO», Fe;03, and Al;O3 in strong and
weak bands. The presence of quartz by the Raman wave number at 134
and 172 cm™! in Fig. 4 is a very strong band [73]. Generally, metallic
oxides are present for the Raman wavenumber below 150 cm ™. This
might also include different forms of Fe;O3 or Al,Os. The quartz form
demonstrates the presence of SiOy in Raman wavenumber at 476 and
524 cm™?, indicating very strong band. Whereas, Al,O3 forms strong
band at the Raman wavenumber at 642 cm™!. Presence of Fey03 was
noted in strong band of Raman wavenumber at 278 cm™'. Guedas et al.
[74] reported similar result, where strong band for pozzolanic materials
is obtained with respect to Raman wavenumber.

3.1.5. FTIR

FTIR determines and analyzes the chemical compounds by
measuring the absorption or emission of infrared radiation. The method
is based on the principle that different chemical bonds absorb or emit
light at different frequencies. Fig. 5 displays the chemical bonding of GrP
and its wavelength. FTIR vibration bands in Fig. 5 varied from 587 to
1100 cm ™}, indicating the presence of metal oxide bonds. Meena et al.
[57] noted the vibration bands at 587 and 639 cm ! due to the presence
of the Fe-O bond in the iron oxide and Si-O bond stretching vibrations.
Peaks at 778 cm™ ! could be ascribed to Al-O symmetric vibration [57].
Broad strong peak at 1001 cm™!, could be associated with Si-O-Si
asymmetric bond for oxygen and non-oxygen bridges [60]. Vibration
band at 1096 cm ! corresponds to the oxygen bridging in Si-O-Si in GrP
and non-oxygen bridging of SiOy in quartz [75]. Vibration band at
1096 cm™! and 1001 cm ™! refers to crystalline phase of Si-O bond and
presence of asymmetric stretching Si-O-T bonds are assigned at
640 cm ™! and 778 cm™! [8]. Garigipati and Malkapuram [76] assigned
vibration bands at 640 cm ™! and 587 cm ™! to quartz and rich content in
iron oxides. Broad strong peak nearer to 1010 cm ™! can be attributed to
Si-O-Si asymmetric vibration and the Si-O symmetric vibration bridge
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[60]. Vibration peaks nearer to 750 cm~! can be assigned to Al-O
symmetric vibration, while the peak nearer to 640 cm™! can be attrib-
uted to quartz [60]. Vibration peaks nearer to 590 cm ! are assigned to
the iron oxides [60]. Hence, the FTIR vibration bands between 587 and
1100 cm™! obtained herein could be related to the presence of the Fe-O
bond in the Fe;O3 and Si-O-Si asymmetric vibration.

3.1.6. Thermal analysis

Fig. 6 shows 1.125% loss in mass in GrP at1000 °C. The primary
ingredients of the granite stone that serves as the source for GrP are
crystalline inorganic components [77]. Due to loss of adsorbed water on
the surface of GrP particles, there is loss in the mass about 0.6% up-to
300°C, which is also noted in the DSC. And similar loss of mass and its
derivate mass was reported by Paul et al. [78]. Heat release around
600°C can be attributed to the change in the phase of plagioclase [79].
Change in the temperature of plagioclases between the 780°C and 820°C

was noted by Plevova et al. [80]. GrP starts melt above 1000°C, whereas
the melt of GrP at 1110°C was noted by Pan et al. [79] [80]. Oxidation of
iron oxide, is noted as loss in the mass at the temperature of 327°C [81].
Change in the crystalline of the quartz from two different forms as « and
B which is noted around the temperature 573°C [80]. There is loss in the
mass about 1% is noted nearer to 700°C, is due to internal loss of weight
to dehydration of the aluminium di oxide and water which is noted in
the DSC [81]. The dehydration of inter- and intra-layer crystalline water
is responsible for the second set of mass loss, which was detected at
600°C, amounting to around 0.9%. The oxidation and decomposition of
inorganic elements in the GrP was observed around 750°C, resulting in a
mass loss of approximately 1.2%. Loss in the calcite traces is noted as
result of decomposition at the temperature 900°C [81]. Eskander et al.
[77] noted a similar type of thermal analysis. From Fig. 6, it can be
observed that the thermal stability of GrP is very high. Organic silica
underwent dihydroxylation and dehydration between 292 °C and 684
°C, and Eskander et al. [77] reported a similar type of DTA.

3.1.7. XRF

The results of the chemical compositions of GrP and OPC are shown
in Tables 3 and 4, which also includes comparisons with other findings
from the literature. Ramadji et al. [59] reported presence of high con-
tents of SiO,, Al;O3 and FeyOs. Table 3 shows that SiO,, AlyO3, and
Feo0O3 add up to more than 70%. According to ASTM C 618 [82] clas-
sifications, GrP is categorized as class F pozzolan based on its chemical
compositions. Ramadji et al. [59] observed a similar type of chemical
makeup in GrP and categorized it as class F. Tawfik et al. [60] found a
high amount of alkalis in GrP. GrP appeared reddish due to the high
concentration of Fe;O3 [60]. The low concentrations of lime and MgO
suggest that, in addition to CaO and MgO hydration and carbonation,
there is less mass loss from these processes. The contents of SiOy and
Al,O3 in the GrP affects the properties of blended cements [22]. Table 4
represent the chemical composition of OPC 53 grade cement used in this
study and compared with the previous studies. The results exhibit
similar compositions.
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Table 3
Chemical compositions of GrP.
Composition (%) SiO,y TiOo Al,03 MnO Fe,03 Ca0 MgO Na,O K0 P,0s5 SO3
Present study (GrP) 64.70 0.62 14.10 0.05 6.04 4.86 0.97 4.26 3.38 0.37 0.24
Gao et al. [8] 57.50 0.84 16.68 0.11 5.35 9.13 3.44 2.03 4.52 0.05 0.12
Abreu et al. [64] 65.84 0.33 13.0 0.09 7.12 5.54 0.87 3.14 3.47 0.28 0.09
Ramadji et al. [59] 71.74 0.22 14.91 0.04 1.45 1.14 0.22 3.28 6.58 0.06 0.02
Sapiai et al. [67] 78.91 0.10 10.52 0.18 1.73 2.07 - - 6.07 - 0.08
Tawfik et al. [60] 69.98 - 14.27 0.50 3.04 15.90 3.30 4.10 5.47 - -
Table 4
Chemical composition of OPC.
Composition (%) SiO,y Al,03 Fe,03 CaO MgO Na,O K,0 SO3
Present study (OPC) 20.22 4.71 4.74 65.67 0.97 0.15 0.48 2.43
Jayachandran & Pillai [83] 18.91 4.52 4.92 66.62 0.86 0.11 0.41 2.52
Nedunuri et al., [84] 17.20 8.40 6.80 64.30 1.20 0.50 0.30 1.40
Chintalapudi & Pannem [85] 18.91 4.51 4.94 66.67 0.87 0.12 0.43 2.50
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3.2. Physical properties of GrP

The result of GrP’s specific gravity was 2.55. According to Vijaya-
lakshmi et al. [13], a higher specific gravity is associated with a larger
GrP grain size. The specific gravity of GrP decreases with increasing
grain size, causing more air spaces to form between the grains [22]. GrP
grain characteristics are estimated using the grain size and morpho-
logical structure. The specific gravity and pozzolan specific area are
directly correlated [86]. Specific surface area of GrP is observed as
390 m?/kg and Blaine’s surface area whereas for the cement it is noted
as 360 m2/kg. In literature, it is noted that the Blaine’s surface area of
GrP was noted in the range between 380 m?/kg to 680 m%/kg [87].
Barra et al. [65] observed that the fraction of particles smaller than
37 um and 20 um were 43.8% and 22.9%. Based on the provenance of
the stone, the specific gravity of GrP has been reported in the literature
to range from 2.36 to 2.72 [88]. The micro and nanoparticle size of
pozzolan on the pace of hydration reaction also affects the specific
gravity [86,89]. For their study, Gupta and Vyas [18] employed GrP
with a fineness modulus of 0.95 and a specific gravity of 2.60.

The water absorption of GrP is discovered to be 4.1%. Increased
water absorption is associated with the presence of defects and micro
cracks on the surface of the GrP particle, which is noted from the Fig. 2.
The amount of water in the blended cement mixture increases because of
these fissures because they absorb more water [22]. Using the LA-960
Laser particle size analyzer, the GrP’s particle size distribution (PSD)
is displayed in Fig. 7, and it was discovered that the GrP’s average
diameter was 18.88 um. The selection of different sizes of GrP particles
helps enhance the density of the blended cementitious mixture,
contributing to the hardened properties. Formation of nucleation cite at
the surface of GrP particles depends on the particle sizes and the for-
mation of pozzolanic reaction. In terms of the GrP’s size and fineness,
longer grinding times might not yield the best results. This is caused by
the cohesion forces that cause the GrP particles to agglomerate on the
walls of the drums and grinders, forming a paste, as well as the elec-
trostatic interaction forces that cause the very fine GrP particles to
contact with one another [71]. Nonetheless, the surface area of GrP
increases with increasing grinding time [71,90]. Hence, the GrP particle
size has a significant influence on the GrPBC mixes [91].

3.3. GrPBC properties

3.3.1. Specific gravity

Fig. 8 depicts an increase in the consistency of GrPBC with increasing
GrP content in the mix. This could be related to the decrease in specific
gravity due to lower specific surface area of GrP compared to the OPC as
reported in FESEM (Fig. 2). Morphological characteristics of GrP
demonstrated the sharp edge with particle size larger than OPC,
resulting in decrease in the specific gravity. Specific gravity of GrPBC is
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Fig. 7. PSD of GrP and OPC.
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lower than OPC; this is due to larger volume of GrP (Larger particle size
of GrP compared to that of OPC) [92]. The specific gravity of OPC is
3.148, and for GrPBC, it varies from 3.132 to 1.945 as partial replace-
ment of OPC by GrP varied from 4% to 40%. Compared to specific
gravity of OPC, the drop in the specific gravity of GrPBC are 0.51%,
1.33%, 2.73%, 4.83%, 7.56%, 11.21%, 15.92%, 21.82%, 29.19%, and
38.22% for 4%, 8%, 12%, 16%, 20%, 24%, 28%, 32%, 36% and 40% wt
% GrP partial replacement for OPC. Due to a decrease in specific gravity,
there is increase in the volume of GrPBC, increasing the water content in
the mix [90].

Knop and Peled [93] reported the influence of particle size of
pozzolanic materials on the hydration of the pozzolanic material. Heat
of hydration at early stages of blended cement depends on the particle
size of the pozzolan. Hence, there is direct relationship between the
specific gravity and particle size, particle size and hydration rate heat of
pozzolan, and particle size and surface area of particle itself [93].
Smaller particle size exhibits higher surface areas, resulting in the
reduction of hydration degree compared to that of the larger particle size
with lower surface area of particles. Some of the fine particles in
pozzolan act as inert in age’s hydration of blended cement, which does
not participate in early hydration, but on later stage, it starts reacting
[94].

3.3.2. Consistency

It is evident from Fig. O that a rise in GrP content led to an increase in
GrPBC’s consistency. About 3-103% of the water content increased
relative to the control mix for 4-40 wt% of GrP as a partial replacement
for OPC. To ensure consistent workability, the amount of water required
generally increases as GrP increases because of the morphological
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properties of the GrP particles. The amount of water surrounding GrP
particles increases with a higher specific surface area of the grain par-
ticle. More water is needed for GrP particles with a greater surface area
to retain the same workability in GrPBC mixes. Additionally, the pores
and spongy features that develop in a few spots on the GrP surface
determine the extra water needed.

With high specific surface area, GrP particles have stronger binding
strengths with aggregates and cementitious materials [22,68]. Specific
surface area of GrP grains is a significant characteristic that stimulates
the interaction between the cementitious materials and the aggregates
[22,68]. Higher specific area of GrP results in a higher requirement for
water [22,68]. Due to its high absorption capacity, GrP acts as a natural
moisture reservoir to facilitate the continual hydration of cement during
mixing. This reservoir generates calcium silicate hydrate, which gives
the concrete a denser matrix, reduced porosity, and enhanced strength
[95]. Specific surface area has a positive effect on the mechanical
properties of the cementitious composites. Larger specific surface area of
GrP grains leads to increase the ITZ between the GrP and other particles,
thereby increasing the density of composites and increases the me-
chanical properties of composites [22]. Therefore, specific surface area
has a direct effect while specific gravity has an indirect effect on the
blended cement mixtures. The diluting effect of GrP on the cementitious
system is responsible for the observed decrease in heat of hydration with
increasing GrP content [96]. Because GrP’s specific gravity is lower than
OPC’s, it produces a larger volume and necessitates more water.
Consequently, blended cement mixes have a higher consistency, as
documented in literature [97]. More water is added as a result, and
setting times are extended. Lower pozzolan hydration rate is another
factor contributing to longer setting times with increased GrP content
[98].

3.3.3. Setting times

It can be seen from Fig. 10 that OPC showed a shorter setting time
than the blended cements. The OPC contains a larger concentration of
tricalcium silicate and tricalcium aluminate phases than GrPBC, which
accounts for the quicker setting time [99]. Tricalcium silicate rapidly
hardens in the presence of water, resulting in the early setting time
[100]. A larger GrP particle size causes a longer time to hydrate, which
lengthens the GrPBC’s setting time [93]. The setting time for GrPBC is
longer because the average particle size of GrP is slightly higher than
that of OPC. Compared to reference mix, increase in initial setting time
was 14.75%, 34.43%, 57.38%, 85.25%, 119.67%, 154.10%, 193.44%,
240.98%, 290.16%, and 349.18% at partial replacement of OPC by 4%,
8%, 12%, 16%, 20%, 24%, 28%, 32%, 36% and 40% of GrP. Whereas,
for the final setting time, the increase in time compared to control mix
was 5.22%, 11.57%, 19.40%, 29.10%, 41.04%, 55.22%, 71.64%,
89.93%, 89.93%, 107.09%, and 123.13% for the partial replacement of
OPC by 4%, 8%, 12%, 16%, 20%, 24%, 28%, 32%, 36%, and 40% of
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Fig. 10. Specific gravity and setting times of GrP.
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GrP.

The reasons for these increases in setting times are the GrP particle
size, the mix temperature, and the mix’s water content. Hydration of
tricalcium aluminate generates substantial amount of heat that increase
the setting temperature, resulting in quicker setting behavior of OPC
compared to blended cement. Setting time of OPC decreases with in-
crease in the temperature [101]. The GrPBC’s longer setting time is
attributed to the fact that GrPBC contains GrP that raises water demand
of GrPBC mix. Higher water demand of GrPBC retards the setting
behavior of cement pastes and reduces the rheology/cohesiveness of the
GrPBC pastes [102]. Longer initial and final setting times were the
outcome of increasing the GrP content in blended cements. The slow
setting time is caused by the steady decrease in the quantities of trical-
cium silicate and tricalcium aluminate components. The delayed nature
of GrP responses is the reason for the lengthy setting time of GrPBC.
Pozzolanic reactions in GrPBC can only occur when calcium hydroxide is
liberated, either from the hydration of OPC or from its availability in the
matrix system [103]. The pozzolanic reaction of GrP is slow, so the
setting behavior associated with this reaction is low. The slow pozzo-
lanic reaction retards the setting times in GrPBC [99]. There is also in-
crease in the initial and final setting times due to the presence of more
amount of insoluble residue in the GrPBC. Increased GrP content causes
a decrease in cement content, which prolongs setting times and causes
GrPBC to hydrate slowly [91].

3.3.4. SAI

Fig. 11 shows that an increase in GrP content increased the SAI of
GrPBC up to 20% at 7- and 28-days curing. The increase in compressive
strength for GrPBC was 1.02, 1.05, 1.08, 1.11, 1.05, 0.96, 0.92, 0.86,
0.77, and 0.67 times higher than reference mix for 4%, 8%, 12%, 16%,
20%, 24%, 28%, 32%, 36%, and 40% of GrP substitutions at 7 days
curing. At 28 days, the compressive strength of GrPBC was 1.04, 1.05,
1.09,1.11, 1.06, 0.99, 0.94, 0.89, 0.83, and 0.71 higher than the control
mix for 4%, 8%, 12%, 16%, 20%, 24%, 28%, 32%, 36%, and 40% of GrP
substitutions. The GrP’s filler effect in the cementitious system is
initially responsible for the increase in compressive strength. After-
wards, the GrP particle takes part in the pozzolanic reaction. These are
dependent upon the hydration reaction that generates calcium hydrox-
ide and the presence of crystalline mineralogical compositions from the
GrP. Juenger and Siddique [104] suggested that the creation of a
nucleation site on the surface of GrP occurs at later ages, and that the
filler effect in the cementitious matrix is the cause of the low reactivity of
GrP at earlier ages. This nucleation site makes space for the hydration
products to precipitate after it takes part in the pozzolanic reaction. This
is the reason, when GrP is used as a partial replacement for OPC; higher
strengths are recorded at later ages [105].

Fig. 12 illustrates the rise in SAI for the 7- and 28-day compressive
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Fig. 11. SAI and specific gravity of GrP.
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strengths with respect to consistency that occurred with a GrP content
increase from 4% to 20%. An increase in SAI is caused by the filler effect
of GrP; on the one hand, GrP functions as micro aggregates, reducing
porosity and enhancing mechanical characteristics [8]. Calcium hy-
droxide released from hydraulic reactions in the blended mixes
increased with increasing GrP content up-to 20%; this participated in the
pozzolanic reaction and increased the strength properties. However, as
GrP increased above 20%, the diluting action caused a drop in calcium
hydroxide and reduced the strength index [95]. Contribution of strength
properties is due to the amorphous silica and alumina from pozzolan
dissolve in the pore solution. Hence, the beginning of hydration or
pozzolanic reaction depends on the reactivity of GrP and the availability
of calcium hydroxide [95].

Calcium hydroxide from hydration reaction or calcium hydroxide in
cement matrix system reacts with pozzolanic minerals from GrP, in the
presence of water to form calcium silicate hydrate and calcium alumi-
nate hydrate, contributing to the hardened properties of GrPBC [99].
Ultimately, this study establishes that 20 wt% GrP replacement with
OPC is the optimum replacement level for achieving suitable mechanical
strength.

3.4. Development of relationship between compressive strength and water
to binder ratio

3.4.1. Regression modelling

Development of statistical models are established between the in-
dependent and dependent variables. There are several statistical models
available in the literature to analyze the relationship between the vari-
ables. Most of the statistical models have one dependent variable as a
constant and other as independent variables [106]. These dependent
and independent variables depend on the numerous factors like type of
binding material, curing period, water to binder (W/B) ratio, etc. Thus,
in this model, the relationship between the variables based on the
physical, chemical, and morphological characteristics of constituents
are put into consideration [107]. In addition, the relationship is appli-
cable for a large range of experimental data with different binders, water
content, etc., available in the literature. Efficiency of proposed and
derived relationships through regression analysis can be assessed by the
Integral Absolute Error (IAE, %) [108]. This is proposed in Eq. (6):

24172
IAE = Zw 6)

where O; is the observed value and P; is the predicted value from the
regression analysis. Relative deviations of data from the regression
equation are measured by IAE. The range from 0% to 10% may be
regarded as IAE acceptance limits for fit of regression equations.
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3.4.2. Development of relationship between the compressive strength and
water to binder ratio

Regression models were carried out to establish a relationship be-
tween the compressive strength and W/B ratio. The findings of these
analyses are presented in Table 5. The values of coefficient of determi-
nation (Rz) and IAE for various regression equations are shown in
Table 2. The values of N and M, as shown in Table 5, are constants
obtained from Fig. 13 using general regression analysis. The best rela-
tionship shows an R? value that is closer to one and an IAE value that is
closer to zero [109]. General fit regression analysis for the Equations
(7)-(11) are developed with help of Fig. 13. Average value of IAE is
considered as overall IAE. Based on the Rz, Equations (7)-(11) yielded a
strong relationship between f.,x and W/B ratio for both 7 and 28 days.
In terms of IAE, the lowest value was noted for Equation (8). Hence,
Equation (8) provides reliable and accurate correlation in terms of R?
and IAE. Therefore, there is a transition point in the relationship be-
tween compressive strength and water to binder ratio.

3.4.3. Validation of the model

Water to binder ratio, compressive strength from literature, and
proposed equation are necessary to assess the validity of the proposed
model [109]. Validation aids in determining whether the proposed
model is appropriate for use in real-life applications [104]. Model
validation is a necessary step in the complex task of simulation. The W/B
ratio and 28 days compressive strength are summarized in the Table 6,
consisting of actual and predicted compressive strength from the liter-
ature [87,110-112]. It can be inferred that the proposed model is uti-
lized to forecast compressive strengths greater than 50 MPa. The range
of compressive strength and the curing period influence the proposed
model.

3.5. Derivation of constants for relationships using regression analysis

According to previous studies, there is a correlation between
compressive strength and water binder ratio [87,113-115]. Amongst
other advantages, regression analysis results in cost reduction and nat-
ural resource preservation. Several studies relate the compressive
strength of concrete or mortar to the water binder ratio [87,114-116].
Few of the relationships available in literature are illustrated in Eqgs.
(12)-(15):

A
Jemk = {W} (12)
femk = K (m) +K, (13)
fcmk =n [W/B]nz (14)
C
femk = (W_/B) +D (15)

where f.x is cube compressive strength (MPa) of blended cement at
various days of curing, A and B are constant which is used as parameters
to calculate the strength, Vg is weight of binder (grams), Vi, is weight of
water (grams), V, is weight of aggregates (grams), K; and K are con-
stants estimated as the strength parameters, n; and n; are constant, and
it is calculated as strength parameters, C and D are constant, and it is
calculated as strength parameters. Jagadesh et al. [106] reported the
discussion of the derivation of constants for the relationship between the
properties.

General regression modeling demonstrates the relationship between
the compressive strength and the W/B ratio for various curing days and
computes the coefficient of relation value without varying any param-
eters. Fig. 14 (a) shows a stronger correlation between compressive
strength and W/B ratio for 7 days compared to 28 days. Fig. 14 compares
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Table 5
Results of general static models and calculated R? and IAE.
Equation Relationship 7 Days 28 Days
N M R? IAE N M R? IAE
@) N 21.167 0.62 0.81 5.24 33.29 0.52 0.80 4.68
fone = L5750
®) femk = N[1 — W/B]M 54.967 0.72 0.89 3.36 74.87 0.61 0.88 3.06
(©)] fomk = N(W/B) + M 57.811 19.87 0.87 181.16 46.63 9.98 0.89 96.29
(10) (&/>M 65.744 -1.39 0.86 99.97 87.06 -1.18 0.85 99.97
s
(11) fomk = (M\/W_/B) +N -62.72 77.41 0.87 100.05 -77.59 103.37 0.85 100.07

Feret [114] to Abram [113] and reveals a greater R? value. Whereas, the
R? value for Feret [114] was noted in Fig. 14 (b) for the correlation
between the mix ingredients and the compressive strength. From general
regression modelling for various laws related to compressive strength
and W/B ratio, the highest coefficient of relation was noted for 28 days
compressive strength compared to that of 7 days. Feret’s law in Fig. 15
(a) and Bolomey’s law [115] in Fig. 15 (b) among other laws displayed
satisfactory outcomes with the highest R? value. The constants for the
various relationship between the compressive strength and water to
binder ratio for the general static modelling can be arrived from the
Fig. 14 and Fig. 15.

3.6. Lifecycle assessments

3.6.1. Embodied energy

Fig. 16 displays the EE of GrPBC as well OPC mortar mixes, refer-
encing Tables 1 and 2, and Eq. (2). According to the findings, the EE
decreased as the mortar mix’s GrP content increased. The GrPBC mortar
samples had a lower EE than the OPC mortar samples. In comparison to
the control (OPC) mortar, which produced 2.804 MJ-eq/mS, the GrPBC
mortar samples produced embodied energies of 2.713 and 1.895 MJ-eq/
m? at 4 and 40 wt% substitutions of GrP. This could be explained by the
fact that GrP has an EE coefficient that is 84.55% lower than OPC’s,
meaning that GrP is a low EE building material. This result supports
earlier research that found blended concrete’s EE decreased when
recycled waste components were incorporated [45,117]. Abubakar et al.
[117] observed a 3-12% decrease in EE when 5-20% of the corncob ash
was replaced with OPC in the production of blended cement concrete. In
a similar vein, Oyebisi et al. [45] found that replacing OPC with 5-20 wt
% of Sheanut Shell Ash (SSA) decreases EE by 3-13%. Their research
revealed that the EE coefficients of shea nutshell ash and corncob ash
were 76% and 73% lower than OPC coefficient. Lovecchio et al. [118]
found that when OPC was substituted with Ultrafine Fly Ash (UFA) at a
rate of 8-12% and 40-60%, the EE dropped by 3-5% and 16-28%. The
results herein clearly showed that, at an ideal replacement of OPC with
20 wt% of GrP, the energy-reducing potential of cement-based mortar
incorporated with GrP is achievable at an optimal level to compete
favorably with OPC mortar counterpart. Thus, appropriate design of
GrPBC mixes is necessary to reduce their energy implications and
improve the sustainability of building materials.

3.6.2. Global warming potential

The global warming results of the OPC and GrPBC mortar samples
are given in Fig. 17, applying the information in Tables 1 and 2, and Eq.
(3). As the GrP concentration rose, the mix’s GWP decreased, as seen in
Fig. 17. In comparison to the control (OPC) mortar, which produced
GWP of 0.460 kgCO-eq/m?, the GrPBC mortar samples generated GWPs
of 0.442 and 0.283 kgCOy-eq/m® at 4 and 40 wt% substitutions of GrP.
This result could be attributed to the probability that OPC mortar mixes
outperform GrPBC mortar mixes in terms of the total effects of different
greenhouse gas emissions that contribute to global warming [109].
Table 2 displays that OPC’s global warming coefficient is 97.90% higher
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than GrP’s. These results validate the earlier studies, where the partial
replacement of OPC with 5 wt% slag and corncob ash and 7-48 wt%
UFA reduced the EE by 5% [45] and 8-60% [118]. A further 34%
reduction in global warming potential was achieved by substituting 50%
of ground-granulated blast furnace slag for OPC [118]. According to
Robayo-Salazar et al. [119], producing green concrete with slag in place
of OPC reduces greenhouse gas emissions by about 45%. In contrast,
Lovecchio et al. [118] found that partial substitutions of OPC with 2%
each of Nano silica and Nano calcium carbonate increased GWP by 1.49
and 12.58%. Global warming and other climate-related concerns can be
lessened by using recycled and environmentally friendly waste products,
as highlighted by Sagheb et al. [120]. The results obtained here make it
clear that, as compared to using OPC to produce GrPBC mortar, recy-
cling GrP offers potential for reducing global warming. Therefore, GrP
can be applied in the building sector to create communities and cities
that are safe and sustainable while reducing the consequences of climate
change.

3.7. Sustainability index

The SI of mortar mixtures is displayed in Fig. 18, using Eq. (4). Ac-
cording to Fig. 18, when the mix’s GrP content rose from 4% to 20%, the
SI declined. The SI increased when the GrP content rose from 24% to
40%. In comparison to OPC mortar mix, which has 0.0110 kgCO»-eq/
m®/MPa, substituting OPC with 4-20 wt% GrP yields SI of
0.0102-0.0085 kgCOz—eq/mB/MPa. However, the SIs of 0.0087-0.0098
kgCOy-eq/m>/MPa were found by substituting OPC with 24-40 wt%
GrP. The reasons may stem from the mortar mix’s comparatively
decreased GWP, EE, and SAI at a 24-40% GrP substitution. These results
showed that 4-20 wt% GrP replacement with OPC in GrPBC mortar
mixes is more environmentally friendly than 24-40 wt% GrP inclusion,
because a product’s sustainability increases with a lower SI [45,46]. A
related study found that the SI decreased with increasing SSA content by
5-20%, making SSA a sustainable construction material with adequate
structural strength [46]. The results of this investigation are in line with
those of Rahla et al. [121], who asserted that the sustainability of con-
crete is enhanced by SCMs (slag, fly ash, and silica fume). In contrast to
the control sample (100% OPC), which had a 0.51 sustainability score,
there were approximately 0.73-0.82, 0.61-0.67, and 0.51-0.52 sus-
tainability scores for 30-40% slag, 5-10% silica fume, and 10-20% fly
ash. Braganca et al. [122] stated that employing SCMs in part instead of
OPC reduces the quantity of cement needed to produce concrete,
boosting sustainability and preserving or even enhancing the material’s
durability and mechanical properties. Adoption of GrP resulted in a drop
in the SI of mortar produced, offering a lasting advantage because of its
potential to reduce the EE and GWP of mortar manufacture. Ultimately,
this study recommends that 20 wt% of GrP be substituted for OPC in
order to maintain sustainability without lowering the GrPBC mortar’s
strength activity index.
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Fig. 13. Development of new equation with help of regression analysis.

3.8. Economic index

The EI of the GrPBC mixes is shown in Fig. 19. The results, as illus-
trated in Fig. 19, demonstrated that the EI of GrPBC mixes dropped as
the GrP percentage in the mix increased from 4% to 36%. Compared to
OPC mortar, this led to a cost decrease of between 5.95% and 19.19%.
However, as the GrP content in the mixture rose to 40% the EI increased
by 4.13%. According to Fig. 19, the lowest EI value fell between 16 and
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20 wt% GrP substitution. This shows that GrP is profitable at 20%
optimal replacement. The reasons for these outcomes in terms of the
compressive strength of the mortar could be related to the total cost of
manufacture. At a substitution rate greater than 20 wt% GrP, the
compressive strength of GrPBC mortar started declining. Bajpai et al.
[123] reported similar findings, who discovered that the manufacturing
of blended cement concrete was 11-18% cheaper due to the use of SCMs
(fly ash and silica fume). Thus, the best replacement level, according to
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Validation of 28-day compressive strength using Equation (8).
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Present Study Jagadesh et al. [106] ElNemr [111] Singh et al. [87] Rao. [112]
W/B femic W/B femx W/B femk W/B femk W/B femk
Actual Predicted Actual Predicted Actual Predicted Actual Predicted
0.319 54.6 0.67 28.26 53.32 0.4 25.6 50.6 0.5 22.46 51.62 0.35 61.5 50.13
0.328 56.4 0.678 29.03 53.4 0.5 24.6 51.6 0.6 22.99 52.62 0.4 54.87 50.63
0.340 57.3 0.685 30.07 53.47 0.6 20.5 52.6 0.7 20.85 53.62 0.45 59.47 51.13
0.354 59.2 0.695 28.81 53.57 0.7 16.9 53.6 0.8 19.94 54.62 0.50 50.92 51.62
0.371 60.3 0.71 28.09 53.72 0.8 14.1 54.6 0.9 18.75 55.62
0.393 57.6 0.723 26.59 53.85 1 17.2 56.61
0.422 53.7 0.738 23.94 54.0 1.1 16.89 57.61
0.460 51.2 1.2 15.36 58.61
0.509 48.2
0.571 44.8
0.647 38.7
e 7Days @ 28Days - Power (7 Days) e Power (28 Days)
65
5] 60 o ® y =39.501x0348
E = ) R2=0.7246
=1 £ 55 D =
éﬂ \2_, s |l O
& L35 < P ®
© an | e °o ® y = 65.744¢13%% 0 45 o — e
£ 40 0 ¥ b . R2=0.8972 5 :
g3 o . 40 y =25.653x042!1
e e > —
g 30 e - i 35 L T e o *=0.7324
5 T o
25 L4 g 30
0.28 0.33 0.38 0.43 0.48 0.53 0.58 0.63 0.68 § 25
W/B ratio ©
20
(a) Abram’s law 15
e 7days e 28days - Linear (7 days) - Linear (28 days) 0.28 0.38 0.48 0.58 0.68
63 ‘W/Bratio
E 59
S ss y =-39.858x + 70.854 (a) Singh’s law
; AAAAA R>=0.7175 . i
5 51 e R N e 7Days © 28Days - Linear (7 Days) - Linear (28 Days)
‘i S .
2 3 60 o®
7 O T — e ® . i y =-39.858x + 70.854
Y. N N S i S £ 55
g‘ @ ) S
g3l R*=0.7247 o e g
27 2 45
0.28 0.31 0.34 0.37 0.4 0.43 0.46 0.49 0.52 0.55 0.58 0.61 0.64 0.67 2
W/B ratio o 40
2 35
(b) Feret’s law %
<4
g 30
Fig. 14. Relationship between compressive strength and W/B ratio from lit- S 25
eratures by general static modelling (Abram’s law & Feret’s law). 20
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this study, should be 20 wt% GrP to maintain the compressive strength 0.28 0.38 048 0.58 0.68
of blended cement mortar. W/Bratio
(b) Bolomey’s law

4. Conclusions

This study characterizes the microscopic properties of GrP using
XRD, FESEM, EDS, RS, FTIR, Thermal analysis, and XRF. In addition, the
study investigates the effects of GrP on the physical and mechanical
properties of GrPBC via rheological properties and SAI. The impacts of
GrP on EE and GWP of GrPBC mortar mixes were assessed using the
inventory of carbon and energy. The sustainability and economic in-
dexes of GrPBC mixes were evaluated and the relationship between the
compressive strength and W/B ratio was modelled. Based on the study’s
findings, the following conclusions can be drawn:

i. The addition of GrP improves the microscopic characteristics of
the GrPBC by enhancing their fresh and hardened properties.

14

Fig. 15. Relationship between compressive strength and W/B ratio from lit-
eratures by general static modelling (Singh’s law & Bolomey’s law).

ii. GrP possesses high contents of silica and alumina, making it a
good pozzolanic material with active reactivity in the cementi-
tious matrix.

An increase in GrP content decreases the specific gravity, in-

creases the consistency, and prolongs the setting times of the

GrPBC.

iv. The SAI of GrPBC increases with increasing GrP content. How-
ever, the optimum replacement level of GrP content in the mix is
found to be 20 wt%.

. The correlation between the compressive strength and W/B ratio
of GrPBC exhibited good performance metrics with IAE and R?
yielding 3.06 and 89% at 28 days curing.

iii.
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Fig. 18. SI of GrPBC mortar mixes.

There exists a better correlation between the compressive
strength and W/B ratio of GrPBC using Abram’s law compared to
Feret, Singh, and Bolomey’s laws at 7- and 28-days SAIL

EE and GWP decreased by approximately 4-33% and 3-39% as
GrP content in the GrPBC increased from 4 to 40 wt%.

The best sustainability and economic viability of GrPBC are
produced by a 20 wt% GrP substitution, which is almost 23%
higher in sustainability score and 19% higher in economic value
than OPC mix.
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Fig. 19. EI of GrPBC mortar mixes.

This study reveals that environmental impacts could be attained by
replacing recycled waste material (GrP) with conventional binder
(OPC). Besides, it presents a plethora of opportunities for sustainability
and economic effectiveness. The precise mix design quantity, source,
and mode of delivery of product’s constituents have a considerable
impact on variability, as this study admits. The transportation and
cradle-to-gate components of the cradle-to-site boundary can be further
studied.
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